Due to the more stringent aviation regulations on fuel consumption and noise reduction, the interest for smaller and mechanically less complex devices for flow separation control has increased.
The interest for flow control has increased in the aerospace industry as higher performances are pursued and innovative approaches to drag reduction are introduced. Various methods for boundary layer control have been studied in the past decades in order to provoke or delay separation on airfoils 1 and turbine blades. 2 Kral 3 and Gad-El-Hak 4 published an extensive survey on this matter.
In the mid 1990's a new class of plasma actuators was introduced by Roth: 5 the dielectric barrier discharge (DBD) actuator. The single dielectric barrier discharge (SDBD) actuator, considered in this study, consists of two electrodes flush-mounted on opposite faces of a dielectric material, one exposed to the flow and the other placed under the body's surface.
A high AC voltage, typically in the range 2 to 40 kV p−p , is applied to the exposed electrode;
Ramakumar 6 and Jolibois 7 showed that sine waveforms perform better in terms of plasma induced velocities. The high AC applied ionises the air adjacent to the exposed electrode creating plasma which, due to the electric field gradient, results in a body force inducing airflow along the actuator surface. Optimisation of such actuators are achieved by intervening on the temperature of the dielectric barrier, electrodes width, voltage, and modulation frequencies. [8] [9] [10] [11] Due to their fast flow response and the lack of moving parts, these actuators attracted much attention for flow control purposes. 12,13 The main disadvantage is the low induced velocities they produce, which currently limits its effectiveness to low Reynolds number applications, especially on small unmanned aircraft. 14, 15 Further research on the use of plasma actuators is needed in order to better understand its effectiveness and mechanism in promoting flow reattachment. Due to the lack of data on the effects of steady plasma actuation on the BFS test case for turbulent flows, the goal of this study is to investigate the effects of such actuators on the shear layer and its reattachment location. The actuator will be operated at different modulation frequencies to analyse the flow response, especially at the natural frequencies identified as fundamental to describe the flow instabilities.
C. The backward-facing step geometry
To assess the effectiveness of plasma actuators for flow control and the flow response to different modulation frequencies, the backward-facing step (BFS) geometry represents an interesting test case. The flow over a BFS, see Figure 1 , is comprised of a separated shear layer from the edge of the step (i.e. separation point) and two main recirculation regions which form underneath the shear layer. Between the two, a second separation point occurs and its location ranges between 1.1h and 1.9h (where h is the step height). 32
Far downstream, the reattachment location of the shear layer oscillates around a mean location due to the shear layer dynamic instability (generally referred to as the flapping effect), and its characteristic frequency, f , can be linked to the fluid velocity, U , and the step height, h, with a Strouhal number:
for Reynolds numbers greater than 5×10 4 , the reattachment location tends to a constant value, oscillating around a mean location at a distance of 6±2h from the step. 33 According to Driver et al. 34 Adams and Johnston 33,38 linked the upstream boundary layer thickness (δ/h) directly to the pressure change downstream, noticing that the peak wall static pressure rise at the reattachment point decreased for increasing values of δ/h and the location of this peak moved further downstream. Consequent to pressure decrease, a drop in turbulent intensity and shear stress is expected in the reattachment region.
Spazzini et al. 32 studied the behaviour of wall shear stress downstream of the step, in order to investigate the origin of the low-frequency motion whose behaviour is caused by the flapping motion of the free shear layer, as generally accepted. 34, 36, 37, 39 This behaviour was confirmed and normalised frequencies between St h = 0.05 to 0.07 were identified as the flapping frequencies (also in agreement with Driver et al. 34 ) It was also suggested that the cause of the flapping motion resides in the instability of the secondary separation point (and thus in the second recirculation bubble). Heenan and Morrison 40 were able to remove the flapping frequency using permeable walls downstream of the step, hence relating this instability to pressure disturbances and vorticity from the reattachment region.
II. EXPERIMENTAL SETUP

A. Wind tunnel and model
The experiments were performed in a suction type, open circuit, low speed wind tunnel with a test section 5.5m long and a cross section of 0.9m×0.9m. A step height of 65mm was chosen and the freestream velocity was set at 15 m/s, so that the boundary layer thickness at the step location equated the step height, thus providing δ/h = 1. The Reynolds numbers, referred respectively to the upstream momentum thickness and the step height, resulted
Re θ = 6370 and Re h = 64000. The aspect ratio of the model, that is the ratio between its span and its height, was AR = 12.3 and the expansion ratio of the tunnel, that is the ratio between the tunnel area after the step and before the step, was ER = 1.08.
B. SDBD actuator
The SDBD actuator is flush-mounted on the model; the high voltage electrode (exposed to the flow) was 3mm wide and the encapsulated one 50mm wide, both of them made of copper foil 74µm thick. The trailing edge of the high voltage electrode was placed at 0.8h from the step and no stream-wise offset was used between the two electrodes. The dielectric barrier is made of Kapton tape, a polymide film with a low dielectric constant ( ≈ 3.4). Kapton tape was layered between the two electrodes with a total thickness of 540µm. Particular care was put in the layering of the tape in order to avoid bubbles, and confidence in the reliability of such material was given by successful previous studies. 8
The SDBD actuator setup is presented in Figure 2 . The electric apparatus used to supply the plasma actuator is identical to that used by Erfani et al. 41, 42 The experiments with the plasma actuator were performed at 14kV p−p and 10KHz driving frequency. The output current waveform is shown in Figure 3 . To ascertain the within the CTA measurement technique, five sample runs were conducted at the centreline (x = −h, z = 0) and velocity measurements were taken in order to compute the standard deviation amongst the respective values. The average between all standard deviations acts as the uncertainty; the value is found to be ±0.092 m/s. Due to the turbulent and unsteady nature of the flows studied in the experiments, it is important to increase the number of recorded data in order to reduce the uncertainties and deal with velocity values which are statistically correct. PIV is an instantaneous measurement technique and, in order to deal with statistically correct data, ensemble-average of big number of vector maps (or vector fields) becomes necessary, in order to calculate the spatial distribution of turbulent properties over the measurement plane:
III. RESULTS
Hot
where N is the number of vector fields recorded, u is the instantaneous value and U is the averaged value. Thus, in order to assess the statistical accuracy of the measurements, velocity values were compared for ensembles of 10, 20, 50 and 200 vector maps, randomly selected from a 1000 vector fields ensemble recorded at the step location, as suggested by Uzol and Camci 46 and Ullum et al. 47 Six random locations in the field of view, indicated in Figure 7 , were selected as samples and their stream-wise velocity component compared.
As evident in Figure 8 and mean of the velocity, standard deviation and standard error provided in Table I , the obtained velocities tend to converge for ensembles with a number of vector fields larger than 200 and the standard error of the ensembles decreases substantially as the number of vector fields increases, with exception of sample points P 1 and P 4 which exhibit higher error since located into the shear layer region, hence influenced by the high instability of the flow. It is thus possible to state that a good accuracy can be achieved with a number of vector fields equal or greater than 200. Moreover, in order to guarantee the quality of the collected data, only vectors with a Q-factor greater than 1.7 have been retained (this parameter is used to assess the quality of the cross-correlation process, defined as (P 1 − m)/(P 2 − m), where P 1 and P 2 are the two highest signal peaks, while m is the average background noise). The number of retained vectors, for every image pair considered, was equal or greater than 70%.
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A. SDBD actuator characteristics in quiescent flow
Initially, the actuator's performance was studied in quiescent flow. For each modulation frequency 250 vector fields were recorded with a time interval between the two PIV frames of ∆t = 450µs. Contours of the average stream-wise velocity component are shown in Figure   9 (a) for the 15Hz modulation frequency case. In Figure 9 (b), a velocity peak of 1.41m/s is visible in the shear layer approximately at x/h = 0.15 and y/h = 1.05 (or 0.95h from the exposed electrode). The highest velocity was reached for the 450Hz case, although a similar behaviour was exhibited for all the other cases. From the velocity profiles in Figure   10 it is clear that, upstream of the step, the velocity increases with increasing actuating frequency (Figure 10(a) ): the induced velocity at 450Hz peaks as much as twice the velocity for the 15Hz case. Downstream of the step, instead, the profiles show no dependence on the frequency.
B. BFS Baseline
Contours of the average stream-wise velocity component are shown in Figure 11 Profiles of the stream-wise velocities are plotted along the x-direction in Figure 11(b) , again for y/h = 1.05: all the profiles follow a similar trend and the highest peak, 0.705u/U is reached by the 450Hz plot slightly after the step, corresponding to ∼4% increase compared to the baseline. An average velocity increase of 0.03u/U is found further away from the step.
Additionally, the velocity profiles taken at five different locations downstream of the step edge are plotted in Figure 12 for the baseline and 15Hz only: identical profiles are exhibited for the other frequency cases, showing that shear layer is not affected by any actuating frequency. Therefore, it can be stated that, for such flow conditions, the steadily-excited 9 SDBD actuator is ineffective for each actuating frequency considered.
C. Reattachment location
Contours of the average stream-wise velocity component for the reattachment region are shown in Figure 13 for the baseline case. The end of the primary recirculation bubble is visible at approximately 5.5h. Velocity profiles, compared for each modulation frequency, are shown in Figure 14 close to the reattachment point (x/h = 6.0) and far from it (x/h = 6.8), exhibiting identical behaviours for all the actuating frequencies.
The Reynolds stress, τ xy , is responsible for momentum transfer due to turbulent fluctuations and is an indicator of the vorticity and rms velocities, hence being an important parameter to assess the promotion of the shear layer reattachment. 27,48 Contours of Reynolds stress for the baseline are shown in Figure 15 as the profiles in Figure 15(b,c,d) show. The plots of Reynolds stress for the 15Hz case, corresponding to St h = 0.06, i.e., the flapping frequency, show higher values for the three considered locations closest to the estimated reattachment point, with an average increase of 15 to 20% compared to the other plots. However, a clear conclusion cannot be drawn due to the irregular behaviour of the plots.
The reattachment location (as any stagnation point), X R , can be defined as the locus where the friction coefficient c f is zero, due to the absence of a velocity gradient at the wall. Moreover, the reattachment point will have a 50% probability of stream-wise velocity component going forward or backward, due to its stagnant nature. 32,49-51 Figure 16(a) shows the flow streamlines superimposed on the contours of friction coefficient: a mark indicates the reattachment region, where the friction coefficient at the wall shows quasi-zero values and the streamlines reattach on the surface. Figure 16(b) It is clear from these data that the SDBD actuator has no remarkable influence on the reattachment location and the lack of any effect on the Reynold stress can be interpreted as its ineffectiveness to enhance the formation of vortical structures in the shear layer, hence not promoting reattachment.
IV. CONCLUSIONS
The effects of an SDBD plasma actuator have been examined on the flow over a backwardfacing step with a step height of 65mm and δ/h = 1. Experiments have been performed in a subsonic wind tunnel and PIV technique was used to assess the flow response to the actuator, once a good statistical convergence was achieved.
When tested in quiescent-flow, the actuator showed an induced-velocity peak of 1 It can be concluded that, for a turbulent regime, the steadily-excited SDBD actuator has no flow authority, thus not promoting the shear layer reattachment. Reasons for this ineffectiveness are attributed to the mechanism of interaction between the mean flow and the induced flow, limited to simple flow tripping. As already suggested, the Reynolds stress has great importance in the promotion of mixing, hence being fundamental in momentum transfer and, in turns, to the promotion of reattachment. Span-wise vortical structures, caused by unsteady actuation or 3-dimensional effects induced by the side walls, have shown greater effectiveness on the reattachment promotion, due to the different mechanism of interaction with the flow.
It is strongly suggested to further investigate unsteady actuation using a duty cycle pattern (which also decreases power consumption), focusing on the natural frequencies of shear layer instability and vortex shedding instability, as well as new electrode designs, such 11 as serpentine-shaped actuators, which proved enhanced flow authority due to formation of vortical structures, promoting mixing and flow reattachment.
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